Quantum phase transitions occur at zero temperature as a consequence of quantum, rather than thermal correlations. Generally, a quantum critical point (QCP) can be reached by driving a finite temperature critical point (1, 2) or a first-order critical end-point (3) to absolute zero. The breakdown of Fermi liquid (FL) behavior in metals observed near a magnetic QCP challenges our current understanding of strongly correlated electrons. While the mechanism of unconventional quantum criticality is actively debated, there is a growing consensus that the underlying physics involves a jump in the Fermi surface volume associated with a partial electron localization (4) (5) (6) (7) (8) . To date, the FL breakdown has only been observed by fine-tuning a material to a QCP using a control parameter such as magnetic field, pressure, or chemical composition.
Recent work, reporting the discovery of superconductivity in an ytterbium-based heavy fermion material β-YbAlB 4 , raised the interesting possibility that this system may exhibit quantum criticality without tuning (9) . In this compound, signatures of quantum criticality were observed to develop above a tiny superconducting (SC) dome, with a SC transition temperature of T c ∼ 80 mK and an upper critical field µ 0 H c2 ≈ 30 mT (9, 10) . While this observation motivated the possibility of a zero field quantum critical point, it did not rule out a QCP located near the upper critical field H c2 , as observed in the heavy fermion superconductor CeCoIn 5 (11) .
In this report, we present clear and quantitative evidence that quantum criticality develops at zero field without tuning in β-YbAlB 4 , buried deep inside the SC dome. Moreover, we report a simple T /B-scaling form of the free energy spanning almost four decades in magnetic field, revealing that the signatures of the putative quantum critical point extend up to temperatures T and fields B more than 100 times larger than T c and µ 0 H c2 , respectively.
To quantify the free energy F (T, B), we employed high-precision measurements of the magnetization M = −∂F/∂B. Measurements were made on ultra high purity single crystals with a mean free path exceeding 1000Å and residual resistivity less than 0.6 µΩ cm, which were carefully etched to fully remove surface impurities (12) . Our measurements revealed a simple T /B scaling over a wide range of temperature and field, governed by single quantumcritical (QC) scaling exponent previously masked (9) by a limited experimental resolution and the impurity effects caused by surface and bulk impurities (12) . The T /B scaling leads to the following significant consequences. First, the quantum critical physics is self-similar over four decades of T /B, with no intrinsic energy scale. Second, the field-induced Fermi liquid is characterized by a Fermi temperature that grows linearly with the field, determined by the Zeeman energy of the underlying critical modes. Finally, the scaling allowed us to determine an upper bound on the magnitude of the critical field |B c | < 0.2 mT, which is well inside the SC dome and comparable with the Earth's magnetic field: this indicates that β-YbAlB 4 is intrinsically quantum critical, without tuning the magnetic field, pressure, or composition.
These results are surprising, given the fluctuating valence nature of this material, with va- A remarkable feature of β-YbAlB 4 ( Fig. 1A) is that it is quantum critical (9), yet the scale T 0 ∼ 250 K, obtained from the resistivity coherence peak, is one or two orders of magnitude larger than in other known QC materials. This is confirmed by the scaling behavior of the magnetic specific heat: 
indicating the existence of local moments ( Fig. 2A) . In addition, both materials have a maximum in −dM/dT at T * ∼ 8 K, signaling a crossover from local moment behavior (Fig. S1 ).
Below T * , C M /T of the α phase levels off to a constant characteristic of heavy FL behavior, whereas that of the β phase continues to diverge (Fig. 1B) . Thus, the fate of local moments found above T * is different in these locally isostructural systems: Yb spins are fully screened in the α phase, but may well survive down to lower temperatures in the β phase and produce the quantum criticality. In both phases, strong correlation effects are manifest, for example, in the strongly enhanced 
as shown in 
where f is a scaling function of the ratio T /B with the limiting behavior: f (x) ∝ x 3/2 in the NFL regime (x ≫ 1) and f (x) ∝ const + x 2 in the FL phase (x ≪ 1). Indeed, the observed scaling of dM/dT in Eq. (1) is best fitted with φ(x) = Λx(A + x 2 ) α 2 −2 (12), resulting in a particularly simple form of the free energy:
with the best fit obtained with effective moment gµ B = 1.94µ B and the energy scale k BT ≈ 6.6 eV of the order of the conduction electron bandwidth (12) . This means that the free en- Further evidence for zero-field quantum criticality is obtained from an analysis of the mag- Fig. 3) . Here, C is the total specific heat (12).
Our results show a clear divergence of Γ H /B as T → 0 in the NFL regime, which is a strong indicator of quantum criticality (27) . From the NFL regime, we can extract the critical field (12)). (B) Scaling observed for the magnetization at T < ∼ 3 K and B < ∼ 2 T. The data was fitted to the empirical Eq. 1 with scaling function φ(x) = Λx(A + x 2 ) −n , a form chosen to satisfy the appropriate limiting behavior in the Fermi liquid regime (12) . The right inset shows Pearson's correlation coefficient R for the fit with finite B c . Note that R reaches a maximum value of 1 if the fit quality is perfect. The best fit is obtained with n = 1.25 ± 0.01 and B c = −0.1 ± 0.1 mT (light blue line), corresponding to α = 3/2 in the scaling form of the free energy, Eq. 2, see (12) , and |B c | < 0.2 mT. The left inset shows the B-T phase diagram of β-YbAlB 4 in the low T and B region. The filled circles are determined from the peak temperatures of −dM/dT below which the FL ground state is stabilized. At low field, the thermodynamic boundary between the FL and NFL regions is on a k B T ∼ gµ B B line (broken line). The open circles are the temperature scale T FL below which the T 2 dependence of the resistivity is observed (9). 
Supporting Online Material Materials and methods
High purity single crystals of β-YbAlB 4 were grown by a flux method (S1). Energy dispersive x-ray analysis found no impurity phases, no inhomogeneities and a ratio Yb:Al of 1:1. Surface impurities were carefully removed with dilute nitric acid before the measurements. A large mean free path exceeding 1000Å obtained from Shubnikov-de Haas measurements strongly supports the high purity of the samples (S2).
The magnetization data at T < 4 K and B < 0.05 T were obtained by using a high precision SQUID magnetometer installed in a 3 He- Supporting online text
Temperature dependence of the magnetizaiton and magnetocaloric ratio
In order to characterize the power law behavior in the temperature dependence of the magnetization, we show −dM/dT versus T for selected fields along the c-axis on a logarithmic scale in The magnetocaloric ratio is defined as
The divergence of this quantity as T → 0 is a strong indicator of quantum criticality (S6). Our results for β-YbAlB 4 in Fig. 3 
Power-law fit to the low-temperature susceptibility
The previous paper of β-YbAlB 4 , Ref. S5 , has initially reported the T −1/3 power-law of the low-temperature magnetic susceptibility. However present measurements, carried out on significantly higher quality single crystals, have shown that the exponent T −1/2 provides a better fit to the experimental results and is also in agreement with the exponent derived from T /B scaling of magnetization (see next section). The present data more accurately represent the intrinsic behavior in the material, not only because of the higher quality of the single crystals used, but also because greater care was taken in the etching process to fully remove sample surface impurities, and furthermore, the current data were obtained without a drift in the SQUID output and without a sizable background signal. These refinements have been already reported in Ref. S3 .
(T /B) scaling of thermodynamic quantities
The scaling property of magnetization M shown in Eq. 1 of the main text,
with α = 3/2 indicates that all thermodynamic properties can be expressed as a function of the ratio of T and B. Integrating both parts over temperature results in the following expression for magnetization:
where dφ/dx = φ(x). Above, M c and M 0 is the critical and non-critical components of the magnetization, respectively. For α = 3/2, this means that M c /B 1/2 is a universal function of the ratio of (T /B) only, as plotted in Fig. S3 . Since the magnetization M is the derivative of the free energy, M = −dF/dB, integrating both parts of Eq. S-3 over field, one obtains the following simple scale-invariant form of the low-temperature free energy of β-YbAlB 4 :
where f (x) is a scaling function of the ratio T /B, which is related to φ in Eq. S-2 as follows:
To ensure that the free energy depends only on temperature in the non-Fermi liquid limit T ≫ B, we require that the function f (x) ∼ x α for x ≫ 1. In the opposite limit T ≪ B the system is a Fermi liquid, and hence one must be able to expand the free energy in powers of T 2 , which in turn requires that f (x) ∼ const + O(x 2 ) for x ≪ 1. In other words, f (x) is required to have the following asymptotic behavior in the two limits:
The function chosen for the study is f (x) = −λ(A + x 2 ) α/2 , resulting in the scaling function Figure 2B in the main text shows the fit of the empirical scaling relation Eq. S-2 to the above form. The best fit is achieved with n = 1.25 ± 0.01 corresponding to α = 1.50 ± 0.02, in agreement with the experimental data. This now allows us to write down the free energy in the simple form
where g is the effective g-factor of the quantum critical excitations, related to the coefficient A in
Eq. S-6 as A = (gµ B /k B ) 2 , so that the scaling fit results in the effective moment gµ B ≈ 1.94µ B .
The constant energy scaleT in the prefactor can be determined from the following identity: The above simple form of the scaling relation (S-7) is significant in that the quantum critical free energy only depends on the distance from the origin in the (k B T, gµ B B) coordinates, similar to e.g. the case of the Tomonaga-Luttinger liquid, where the free energy takes a similar form
2 with a model-dependent g-factorg (S10). 
Here, C(0) is the zero field specific heat. Figure S4 shows that the calculated results using Eq. S-2 and Eq. S-10 are in the full agreement with the experimental results for B = 0.07 and 0.5 T. This indicates that the free energy given in Eq. 2 in the main text and Eq. S-4 is consistent with the temperature and field dependence of the specific heat in the quantum critical regime. 
